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Wire sawing is a widely used process in solar or microelectronic
industry for cutting silicon ingots into wafers. The wafers of 180–
220 lm thickness are cut by up to 1000 parallel wires running
through the ingot (see Fig. 1). Typical wire diameters are nowadays
120–140 lm. The wire is wound around rotating wire guides,
which move the wire web with a speed of 5–25 ms (Applied
Materials, 2011). The material removal is achieved by a slurry con-
sisting of abrasive particles and a ﬂuid, which is applied on the
wire before entering the ingot. Common slurries are based on oil
or ethylene glycol and SiC particles with a grain size of 5–30 lm
and volume fraction of 30–50% (Möller, 2006).
Due to its high inﬂuence on the total costs of solar cell produc-
tion, wire sawing has been in the focus of research for several
years. Intensive studies have been carried out on macroscopic
effects like wire bow (see e.g. Liedke and Kuna, 2011) or vibrations
(see e.g. Zhu and Kao, 2005; Chung and Kao, 2011). The inﬂuence of
different sawing parameters has been studied with extensive
experiments. Wire sawing experiments have been performed e.g.
by Bidiville et al. (2010, 2011) or Liedke (2011). Bhagavat et al.
(2010) studied the inﬂuence of the abrasive grits in free abrasive
machining. Ishikawa et al. (2003) studied the motion of the slurry
during the sawing process. With regard to the elementary material
removal, the indentation fracture behavior came in the focus of
research (see e.g. Möller, 2004). Nevertheless only very viewstudies focus on the microscopic effects of the wire-slurry-ingot
system. Kaminski et al. (2010) presented direct observations of
the sawing channel. Liedke and Kuna (Liedke, 2011 and Liedke
and Kuna, 2013) performed two-dimensional DEM simulations,
which also include material removal. Nevertheless the 2D simpliﬁ-
cation is a great disadvantage. Wagner and Möller (2008) per-
formed 3D simulations with spherical particles. Bierwisch et al.
(2011) performed 3D simulations, where the abrasive particles
are represented by clusters of spheres. The clusters have spherical
or tetrahedral shape. Unfortunately the irregular shape of the real
abrasive particles with their sharp edges is not represented very
precisely. In the present paper the wire sawing process is simu-
lated at micro level by complete 3D DEM simulations. The abrasive
particles are represented by convex polyhedra with random shape
and size. For the ﬂuid a laminar ﬂow is assumed and the Stokes
friction forces on the abrasive particles are calculated. Direct obser-
vations of the sawing channels are performed at an experimental
setup, which serve as a veriﬁcation of the numerical results.2. Direct observation of the elementary wear processes of
slurry-based wire sawing
In this section, we present direct observations of the particle
dynamics and wear mechanism during slurry-based wire sawing.
Our emphasis here is on the basic physical mechanisms, rather
than a quantitative description of the wear process. Hence, we
focus on single particles and their interaction with the sample
and wire. The presented results motivate for the detailed numeri-
cal investigations of the subsequent sections.
Fig. 1. Schematic view of a multi wire saw (Liedke and Kuna, 2011).
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equipped with a digital high speed camera APX (Photron Inc.,
USA), and an optical microscope with 20 magniﬁcation (see
Fig. 2).
In contrast to industrial multi-wire saws (see Fig. 1) the used
model wire saw well 3242 (well Diamantdrahtsaegen GmbH, Ger-
many) operates with a single steel wire. This wire is alternately
coiled and uncoiled from a spool, which results in an oscillating
sawing process. Images are captured at a frame rate of 50,000 fps.
Because of the large ﬁle size of the captured images, the data are
recorded for less than several seconds. During this time, the wire
speed and direction did not signiﬁcantly change. Hence, the both
parameters, wire speed and wire direction, are treated as constant
within a single experiment. It is also important to note that thewire
only supports longitudinal forces in the direction of its centerline.
As a consequence, the feed force results from the deﬂection of the
wire in combination with its pretension.
The slurry consists of sharp-edged silicon carbide (SiC) particles
of about 15 lm size. The SiC particles are dispersed in glycerol.
Instead of sawing directly into an opaque silicon ingot, we use a
transparent silica glass rod as sample. This has the beneﬁt of
matching refractive indices of silica and glycerol, which allows us
to visualize the particle dynamics during the sawing operation.
Using glass, instead of silicon, is reasonable, since both are brittle
materials, from which qualitatively similar indentation and abra-
sive wear mechanisms have to be expected (Marshall and Lawn,
1986).
For the slurry-based wire sawing, important machine parame-
ters are wire speed vw, and feed force Ff (Dhanaraj et al., 2010).
In the presented setup, the wire speed can be continuously
adjusted from 0 m/s to 2.5 m/s. The measurements were per-
formed with wire speeds up to vw ¼ 0:3 m=s. The feed force wasFig. 2. Experimental setup. The wire saw is mounted on an infeed slide (see also
Fig. 3). The sample and the illumination are placed on a platform and are not
connected to the wiresaw or the high speed camera. The blue line indicates the
wire.controlled by the inclination of the infeed slide, as demonstrated
by the sketch in Fig. 3. The angle of inclination can be continuously
adjusted between a ¼ 0 and a ¼ 1:7, which results in feed forces
up to Ff ¼ 3N. The corresponding feed forces were estimated by
using a spring force meter.
2.1. Single particle dynamics in absence of a feed force
In the ﬁrst experiments, our interest was aimed at the dynamics
of single SiC particles in absence of the feed force. For these exper-
iments, we sawed into the sample and arrested the infeed slide so
that the resulting distance between wire and ingot was about
15 lm. This value corresponds to the average particle size. In this
idle mode, the slurry is driven by the wire through the kerf with
the original wire speed, vw  0:3 m=s, but in absence of any feed
force.
In principle two different types of particle motion can be
observed: translation and rolling. Translational motion occurs
when the particles have no contact to sample and wire. However,
a particle that undergoes translational motion rotates due to the
shear gradient in the kerf. Due to the absence of any particle con-
tact to the sample, it is reasonable that there is no wear in transla-
tional motion.
Because we are interested in the wear mechanism, we focus on
particles which undergo a rolling motion. In our studies, rolling
motion happens when the particle has, at least for a few microsec-
onds, simultaneously contact to sample and wire. As an example,
Fig. 4 gives a study of the combination of translational motion
and rotation of a single particle (see also video 1 in online version).
The ﬁrst image of the presented sequence shows a particle that is
jammed between sample and wire. The sharp edged particle has a
pronounced peak, which is located at the sample side. The subse-
quent images show, how the particle rolls around this peak. Since
the sample’s surface around the contact point is smooth, rotating
around the contact point requires simultaneous contact to the
wire. Also, the particle has to be slightly bigger than the kerf.
As expected, in all performed experiments, we never observed
material removal during rolling motion in the idle operation mode.
2.2. Indenting and material removal under applied normal force
The previously presented experiments revealed that in the idle
mode, the contact forces between a particle and wire, are not suf-Fig. 3. Sketch of the sawing operation. The sample is ﬁxed, while the wire (blue)
moves into the sample due to the gravity working on the inclined infeed slide. The
velocity of the oscillating wire is denoted by vw , the feed force by Ff , and the
inclination angle by a. (For interpretation of the references to colour in this ﬁgure
caption, the reader is referred to the web version of this article.)
Fig. 4. Image sequence of a rolling particle. The particle is marked by the white cross. The wire saw operates in the idle operation mode. The wire moves from top to bottom at
a speed of 0:3 m=s. During the rolling motion, the particle has simultaneously contact to sample and wire. The white bar on the right denotes a distance of 15 lm.
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that the addition of a force normal to the sample is essential for
the removal of material. To check this assumption, we unlocked
the infeed slide and saw into the sample. The resulting feed force
is about 1N.
In the following, we report on two examples of the observed
material removal mechanism: (i) material removal on the inlet to
the kerf, and (ii) material removal within the sample. In both of
the presented image sequences, the wire moves from top to bot-
tom at a speed of vw  0:3 m=s.
At the inlet to the kerf, most of the slurry was wiped off. This
leads to a relatively rough zone with the kerf adopting a cone-like
shape, as seen in Fig. 5. The image sequence in Fig. 5 gives the visu-
alization of a typical material removal process at the inlet to the
kerf. The SiC particles enter the cone-like kerf from above,
Fig. 5(a). When the kerf gets narrower, a particle gets jammed
between wire and sample. This is shown in Fig. 5(b). When
jammed, the particle indents the sample, and removes some mate-
rial, as the crater in Fig. 5(c), reveals.
Visualization of the material removal within the sample is pre-
sented in Fig. 6 (see also video 2 in online version). In this
sequence, a translationally moving abrasive particle, Fig. 6(a) gets
into contact simultaneously with the sample and the wire,
Fig. 6(b). It hits on a ridge onto the sample’s surface and gets
jammed. When jammed, the wire exerts a normal force onto the
particle that is high enough to indent, Fig. 6(c), and break out some
material by indentation fracture, Fig. 6(d).2.3. Bubble formation accompanies jamming
In some experiments, we observed emerging and collapsing
bubbles around a jammed particle. This phenomenon is exemplari-
ly illustrated by the image sequence in Fig. 7 (see also video 2 inFig. 5. The image sequence shows the direct observation of a wear process at the kerf inle
by the white cross, enters the cone-like kerf in (a) from above and gets jammed at the pos
Thereby, it removes some material and subsequently moves with the slurry through the k
right denotes a distance of 15 lm.online version). When jammed, the particle is hindered in its roll-
ing motion for about 200 ls, Fig. 7(a)–(d). Simultaneously were
growing bubbles observed, which were marked by the blue arrows
in Fig. 7(b)–(e). Subsequently, the particle starts rotating again and
the bubbles vanish. They collapse in about 60 ls, Fig. 7(d)–(f),
which is much faster than their growth.
Please note that the images in Fig. 7 are from the same experi-
ment as the images in Fig. 6, also using the same time stamp. To
enhance the visualization of the growth and collapse of the bub-
bles, the images in Fig. 7 were processed by the Difference of Gauss-
ian ﬁlter which is implemented in Gimp 2.8. Filter parameters were
300 and 1 pixel for radius 1 and radius 2, respectively.2.4. Discussion of the experimental results
Indirect experiments and numerical studies helped to develop a
ﬁrst picture of the basic mechanisms behind the modern slurry-
based wire sawing (Dhanaraj et al., 2010). For example, scan-
ning-electron-microscopy (SEM) images of as-cutted silicon wafers
revealed that the SiC particles indent, rather than scratch the wafer
surface. Material removal by indentation requires a force normal to
the sample. It was hypothesized by Möller (2004), that this force
can be supplied by the wire through the feed force, or by the
hydrodynamic pressure in the background ﬂuid of the slurry due
to the elastohydrodynamic effect.
Based on the average particle size, Möller (2004) distinguishes 2
different interaction modes: semi-contact and non-contact. Semi-
contact refers to hydrodynamic ﬁlm thickness that are smaller
than the average particle size, where a particle has contact simul-
taneously with the wire and the sample. Accordingly, non-contact
denotes hydrodynamic ﬁlm thickness greater than the average par-
ticle size. In the non-contact regime, a particle can be in contact
either with wire or sample. This requires high wire speed at lowt. The wire moves at a speed of vw  0:3 m=s from top to bottom. A particle, marked
ition marked by the red arrow in (b). When jammed, the particle indents the sample.
erf, as seen in (c). The duration of the given sequence is 208 ls. The white bar on the
Fig. 6. Indentation and wear during wire sawing. The wire moves at a speed of vw  0:3 m=s in the direction of the white arrow. The aim of the images of the top sequence is
to visualize the rolling-indenting motion of a particle, marked by the white cross. The bottom sequence gives the same images, but processed in order to visualize the surface
of the sample. Only meaningful images were given. The white bar on the right denotes a distance of 15 lm.
Fig. 7. Bubble formation around a jammed particle during indentation. The duration of bubble growth is Dt  180 ls. Interestingly, they collapse much faster, in Dt  60 ls.
The white bar on the right denotes a distance of 15 lm.
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mode. However, with increasing wire speed it became more and
more difﬁcult to sufﬁciently illuminate the sample and to get sharp
images. Therefore, at the relatively low limiting wire speeds,
< 0:3 m=s, of our experiments, we never observed material
removal during idle operation.
However, we observed material removal when we added the
feed force. Moreover, the dynamics of a single particle during
removal follows the predicted rolling-indenting process. Hence,
in the semi-contact regime, our experimental results are fully inagreement with the predictions of the rolling-indenting model of
Möller (2004). A sketch of the rolling-indenting model of Möller
(2004) is presented in Fig. 8. Moreover, our results motivate the
model of the following numerical simulation.
3. Numerical simulation method
In the following section the main aspects of the numerical
model are presented. For more detailed explanations the reader
is referred to Nassauer et al. (2013) and Nassauer and Kuna (2013).
Fig. 8. Schematic of the rolling-indenting model.
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In most DEM simulations the particles are spheres. This has the
advantage, that contact detection and calculation of interaction
forces can be computed very fast. However the shape of the abrasive
particles is crucial for abrasion and cannot be represented accu-
rately. Therefore, in the present study convex polyhedral particles
are used, causing higher computational demands, but providing an
outstanding representation of the real shape of abrasive particles.
The shape of convex polyhedra is described by a set of half
spaces, where the polyhedron is the space that belongs to all half
spaces. Each half space is described by an equation of the form
ðxi  aiÞai 6 0; ð1Þ
where ai is a vector directed from the center of mass of the particle
perpendicular to the surface of the particle. When two particles are
in contact, the overlapping region results as the space, that belongs
to all half spaces of both particles. Thus a geometric description of
the overlapping region is obtained, which enables to calculate the
volume V and the center of the overlapping region, the indentation
depth d and the normal direction nfi of the contact.
3.2. Interaction forces
First of all an elastic interaction force in normal direction is cal-
culated. The force law is a modiﬁcation of the well known Hertz
contact and has the form
F ¼ EHk
ﬃﬃﬃﬃﬃﬃ
Vd
p
ð2Þ
with
1
EH
¼ 1 m
2
1
E1
þ 1 m
2
2
E2
; ð3Þ
where Ei and mi are Young’s modulus and Poisson’s ratio of particle i,
respectively. k is a model parameter, which is deﬁned as k ¼ 0:62.
To this elastic force a viscous damping term is added and the nor-
mal force can be calculated as
Fni ¼ Fnnfi ¼ EHk
ﬃﬃﬃﬃﬃﬃ
Vd
p
ð1þ c _dÞnfi ; ð4Þ
where c is a constant for the damping and _d is the magnitude of the
relative velocity between both particles in the normal direction nfi .
Friction is taken into account by a smoothed Coulomb friction force,
which is formulated as
Ff ¼ 2lsH  lk  x2
x4 þ 1þ l
k  l
k
x2 þ 1
 
Fn: ð5Þ
There, lsH is deﬁned as
lsH ¼ ls 1 0:09 l
k
ls
 4 !
: ð6Þ
The quantity
x ¼ v
t
vs ð7Þis obtained form the magnitude of the tangential velocity v t and the
velocity vs for transition from static to kinetic friction. lk is the
coefﬁcient of friction for kinetic friction and ls is the coefﬁcient
of friction for static friction. The direction of the friction force Ffi is
opposite to the direction of the relative tangential velocity v ti , which
leads to the equation
Ffi ¼ Ff
v ti
v ti
  : ð8Þ
The application point for both normal and friction force is the center
of mass of the overlapping region.
3.3. Hydrodynamic forces
The two important parameters to characterize the dynamics of
the slurry are the volume fraction U, and the particle-scale
Reynolds number
Re _c ¼
qf _ca2
g
: ð9Þ
In Eq. (9), qf denotes the density and g the dynamic viscosity of the
background ﬂuid, _c the shear rate, and a the average particle radius.
The shear rate _c ¼ jvwi j=h is obtained from the wire velocity vwi and
the gap h between ingot and wire. Since we are dealing with dilute
suspensions, U < 0:3, the ﬂow ﬁeld around a single particle is unal-
tered by the surrounding particles (Kim et al., 2006). Therefore, we
assume a linear ﬂow proﬁle, as depicted in Fig. 9.
Considering polyethylen glycol PEG 300 with q ¼ 1:13 gcm3 and
g ¼ 90 mPas, a distance between wire and ingot of h = 5–30 lm,
a particle radius of a = 2.5–15 lm and a wire velocity of jvwi j = 5–
25 ms gives
Re _c ¼
5—25 msð Þ
ð5—30 lmÞ  ð2:5—15 lmÞ2  1:13 gcm3
90 mPas
¼ 0:01308—2:354: ð10Þ
Note that the minimum gap is deﬁnde by the particle radius
h P 2a.
The detailed understanding of suspensions in shear ﬂows with
non-zero particle-scale Reynolds numbers is still lacking. Experi-
mental and numerical studies are scarce (Brady and Bossis, 1985;
Kulkarni and Morris, 2008; Yeo and Maxey, 2013). From these
few works we can conclude that at low particle-scale Reynolds
numbers, Re _c < 5, nonlinear effects can be neglected and Stokes
ﬂow can be assumed.
The inﬂuence of the ﬂuid on the abrasive particles due to Stokes
law is estimated as follows. A particle is approximated by a sphere
with radius r completely surrounding the particle. The force FSi on
the particle is then deﬁned as
FSi ¼ 6pgrðv fi  v iÞ; ð11Þ
where v fi and v i are the ﬂuid velocity at the particle position and the
particle velocity, respectively. To calculate the ﬂuid velocity, a value
Rp is deﬁned as the distance of the particle to the center of the wire
at the initial position perpendicular to the wire (see Fig. 9). Rw is the
radius of the wire and vwi is the wire velocity. Then the ﬂuid velocity
v fi can be deﬁned as
v fi ¼
0; if Rp P Rw þ jvwi j_c ;
vwi ; if R
p 6 Rw;
vwi  _cðRp  RwÞnwi ; else;
8><
>>: ð12Þ
where nwi is the wire direction _c is the shear rate, which is deﬁned
as
_c ¼ jv
w
i j
h
: ð13Þ
Fig. 9. Laminar plane Couette ﬂow between wire and ingot.
Fig. 10. Evaluation regions for material removal.
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model. Thus the second case in equation 12 occurs when the wire
moves sidwards and particles move to positions where there has
been the wire in the initial state. Furthermore a torqueMSi is exerted
on the particle, which is deﬁned as
MSi ¼ 8pgr3ð _ci xiÞ; ð14Þ
where _ci is the shear rate vector of the ﬂuid at the position of the
particle and xi is the particle angular velocity. _ci is deﬁned as
_ci ¼
ijknwj R
p
k
jijknwj Rpk j
_c; ð15Þ
where ijk is the Levi-Cevita symbol and R
p
i is the vector from the
center of the wire at the initial position to the particle.
3.4. Gravitational force
For the sake of completeness a gravitational force
Fgi ¼ mpgi ð16Þ
is applied to the abrasive particles, where mp is the particle mass
and gi is the gravity vector. Nevertheless the inﬂuence of gravity
is considered to be of minor importance.
3.5. Lapping pressure
During the sawing process the wire is pressed against the ingot
with a certain pressure, called lapping pressure. The amount of the
lapping pressure is a result of different sawing parameters like
wire speed and feed rate. In the numerical model the lapping pres-
sure is determined directly by applying a deﬁned constant force,
which is calculated from the lapping pressure, on the wire.
3.6. Wire movement
The movement of the wire in wire direction is deﬁned by the
wire velocity and is held constant throughout the simulation. Per-
pendicular to the wire direction, the wire is free to move due to
lapping pressure or interaction with lapping particles. A damping
force is applied on the particles forming the wire, which is propor-
tional to the velocity.3.7. Material removal
The material removal is evaluated in a post processing routine.
The evaluation is carried out in 24 evaluation regions (see Fig. 10).
For each particle in the evaluation region the maximal normal con-
tact forces have to be determined. The force on the particle is
examined over the time. The maximal normal contact force Fnc
for a contact c is determined as the force maximum between a
point in time where the critical force for crack propagation
Fcrit ¼ 3 mN is exceeded until the force falls below 1 mN, which
is considered as the end of the contact. Möller (2004) presented
a model to estimate the volume of the material removed by a sin-
gle indentation depending on the normal contact force F.
V0ðFÞ ¼ pa
1
2bH2
2 tan/H
1
2
F
4nþ1
2 ð17Þ
In Eq. (17) H is the hardness and / is the tip angle of the indenter.
a;bH and n are constants depending on the shape of the indenter
and other factors. In this work the same average values for
/;a;bH and n are used for all contacts. The removal rate r for the
evaluation region is obtained from the sum over all maximal normal
contact forces Fnc of all particles in the region and by averaging over
the surface A of the region and the simulation time Dt.
r ¼ 1
ADt
X
c
V0ðFnc Þ ð18Þ4. Parametric study
4.1. Simulation setup
In the simulation a section with an extension of 500 lm in wire
direction is modeled. The boundaries in wire direction are periodic.
The wire has a diameter of 140 lm and is modeled by rigidly con-
Table 2
Parameters for the calculation of material removal (a; bH;H and n see (Möller, 2004)).
a bH Angle / Hardness H n
2. 13:76 lmNn 60
 10:9 GPa 0:85
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sented by one convex polyhedron, the wire is modeled by many
particles. This has the advantage, that all particles in the simulation
have a similar size, which is favorable for neighborhood search.
Around the wire 3600 abrasive particles are placed with a grit size
distribution of F800 according to norm DIN ISO 8486-2 (1996). The
ingot is modeled by unmovable particles. The diameter of the kerf
is thus constant for one simulation, but it is varied in different sim-
ulations between 160 and 180 lm. The lapping pressure is varied
between 0:1 and 0:7 MPa and the wire speed between 5 and
20 ms . The material parameters can be found in Table 1 and the
parameters for the calculation of material removal in Table 2.Table 3
Parameter sets and corresponding kerf diameter.
Wire speed ½ms  Lapping pressure ½MPa Kerf diameter ½m
5 0:1 175
5 0:3 170
5 0:5 170
5 0:7 170
10 0:1 180
10 0:3 180
10 0:5 170
10 0:7 170
15 0:1 175
15 0:3 175
15 0:5 175
15 0:7 170
20 0:1 175
20 0:3 175
20 0:5 175
20 0:7 175
Fig. 11. Material removal for 5 ms wire speed and 0:5 MPa lapping pressure with
different kerf diameter.4.2. Kerf
The diameter of the kerf is a deﬁned constant value for one sim-
ulation. The inﬂuence of the kerf diameter on the simualtion
results is very high. Thus a reasonable value has to be identiﬁed.
For a set of parameters, simulations are run with different kerf
diameters. The material removal is evaluated. Fig. 11 shows the
material removal for 5 ms wire speed and 0:5 MPa lapping pressure
with different kerf diameter. It can be seen, that for small values of
the kerf diameter the material removal is much higher at the side
than in the middle. This means the kerf would widen. For a kerf
diameter of 170 lm the material removal is highest in the middle
and goes to zero at the sides. This is close to the theoretical sinu-
soidal shape of the material removal curve, where the shape of
the kerf in the cutting zone stays constant while cutting through
the ingot. Thus this is a reasonable value for the kerf diameter.
Table 3 shows the different sets of parameters and the correspond-
ing kerf diameter. These kerf diameters are in the range of the kerf
diameters obtained from experiments, performed by Liedke
(2011). The kerf diameter shows tendency to slightly increase with
wire speed and decrease with the lapping pressure. Fig. 12 displays
the dependency of the lapping pressure on the removal rate per
wire speed. The results of the DEM simulations are compared to
experiments performed by Liedke (2011). First of all it can be seen
that the results from DEM and experiment are in the same range.
This indicates, that the results in general are reasonable. In DEM
results as well as in experiment the removal rate increases with
the lapping pressure as well as wire speed, which is in accordance
with the law of Preston (1927). Furthermore it can be seen, that the
removal rate per wirespeed decreases with increasing wire speed.
This means, that the efﬁciency decreases for high wire speeds. An
exact evaluation of the dependencies is not possible due to the
large statistical spread.
Figs. 13–16 show the dependency of removal rate on the kerf
position. For high wire speeds high material removal can be
observed in the areas 5–10 and 15–20. As a consequence, the kerf
would not stay circular but changes into a slightly trapezoidal
shape. In order for the kerf to stay circular, the distribution of
the material removal along the half circle should have sinusoidal
shape. This is shown in Fig. 17 for 20 ms wire speed and 0:5 MPa
lapping pressure. Fig. 18 shows the occurrence of contact forces
for 20 ms wire speed and 0:5 MPa lapping pressure. As one would
expect most contacts occur in the middle position and the number
of contacts decreases towards the sides. Interestingly the largestTable 1
Material parameters.
Material E½GPa m q½ gcm3
Si 165 0.4 2.33
SiC 450 0.3 3.21
Steel 210 0.3 7.85
Fig. 12. Lapping pressure vs. removal rate/wire speed.
Fig. 13. Material removal for 5 ms wire speed and different lapping pressure.
Fig. 14. Material removal for 10 ms wire speed and different lapping pressure.
Fig. 15. Material removal for 15 ms wire speed and different lapping pressure.
Fig. 16. Material removal for 20 ms wire speed and different lapping pressure.
Fig. 17. Material removal for 20 ms wire speed and 0:5 MPa lapping pressure
compared with theoretical sinusoidal distribution.
Fig. 18. Occurrence of contact forces for 20 ms wire speed and 0:5 MPa lapping
pressure.
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leads to higher material removal at these positions.
These results do not depend on the distribution of the particles
at the beginning of the simulation because distribution of the par-
ticles changes during the simulation as the particles move. Thus
the longer the simulation the smaller the inﬂuence of the initial
distribution. In our simulation we did not consider the beginningof the simulation for post processing, as this part of the simulation
is strongly inﬂuenced by the unrealistic regular particle distribu-
tion at the beginning of the simulation. Considering the statistical
inﬂuence of the particle distribution the simulated time should be
as long as possible. Nevertheless the simulated time is limited by
the numerical effort.
Fig. 19. A particle is clamped between ingot (top) and wire (bottom). This rolling-
indenting motion leads to high forces which induce crack growth.
Fig. 20. Two particles roll over each other and interact with ingot (top) and wire
(bottom).
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In addition to the quantitative evaluation the numerical results
provide an insight into the mechanisms in the sawing channel.
When not in contact with wire, ingot or other particles, the SiC par-
ticles will simply follow the ﬂuid ﬂow and rotate due to the
velocity gradient. Particles may interact with the walls but the
hydrodynamic forces are too low for material removal. Forces large
enough to induce crack growth are only observed in two situations.
First large particles may be clamped between wire and ingot as
described by the rolling indenting model (see Fig. 19). This obser-
vation is in agreement with the experiments. The second constel-
lation where large forces occur is when two particles are rolling
over each other (see Fig. 20). This mechanism is important for
explaining the resulting kerf diameters. With a wire diameter of
140 lm and kerf diameters of 170—180 lm the distance between
wire and ingot at the sides is 15—20 lm while the largest particles
have a diameter of about 14 lm. While at the center of the kerf the
wire moves up and the large particles are clamped, at the sides
material removal occurs, when two particles are rolling over each
other.
5. Conclusion
In the present paper the mechanism of wire sawing at micro
level was studied both by numerical simulations and experiment.Direct optical observations of the sawing channel have shown
the movement of particles and the material removal. The later
occurs when large particles are clamped between wire and ingot.
If particles interact only with the ingot, then no material removal
was observed. The same was found in the numerical simulations.
This mechanism of wire, particle and ingot interacting was
described by Möller (2004) as semi-contact case. Möller (2004)
also describes a non-contact case, where particles are pressed
against the walls due to hydrodynamic forces. This effect was not
observed in the present study. The presented results lead to the
conclusion, that the hydrodynamic forces are too low to induce
indentation fracture. Still material removal can occur when the dis-
tance between wire and ingot is larger than the particle diameter.
This is the case when two particles are rolling over each other and
interact with wire and ingot. Furthermore the numerical results
where evaluated quantitatively. Although the statistic spread is
quite large, comparison with experiments performed by Liedke
(2011) proofed the results to be reasonable. The dependence of
the removal rate on lapping pressure and wire speed could be
reproduced by the simulations.
In the direct observations of the sawing channel it could be
seen, that the number of involved particles is very low. This means
the volume fraction of SiC particles in the sawing channel is lower
than the initial volume fraction of the slurry. Thus the behavior of
the slurry when entering the sawing channel should be studied in
future work. The material removal proﬁles obtained by the numer-
ical simulation lead to the assumption, that for high wire speed the
shape of the kerf is not circular, but will tend to a trapezoidal
shape. As the shape of the kerf might inﬂuence the forces at the
side of the kerf and thus the sawing damage, in future work these
effects should be taken into account.
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